Cadmium (Cd) is an abundant heavy metal with highly toxic effects on living organisms. The aim of the presented study was to investigate the effect of seed priming using salicylic acid on cadmium tolerance in lettuce. The tolerance level was evaluated through germination speed and percentage, fresh and dry seedling weight, water and photosynthetic pigments content. Control seeds were primed with distilled water. In control plants cadmium induced reduction in germination rate, fresh and dry weight, water and chlorophyll content. Seed priming using salicylic acid, on the other hand, induced increased resistance of lettuce to cadmium toxicity. Increase in germination rate, fresh mass and water content were recorded for plants subjected to 5 mM Cd, grown from seeds primed with salicylic acid. Alleviation of Cd stress was evident through chlorophyll content as well, where smaller decrease in primed plants was recorded comparing to the control. The results obtained in this study suggest that salicylic acid can be used as priming agent in order to alleviate Cd toxicity in lettuce.
Introduction
The provision of safe food has been one of main components of food security in the world (Zorrig et al., 2013) . However, since the industrial revolution, heavy metals have been widely used in industry for different processes such as galvanisation and electroplating. Extensive use of cadmium in these processes as well as through manufacturing of alloys, pigments and plastics, leads to soil pollution with this element (Bryne et al., 2009) . It is estimated that more than 30.000 metric tonnes per year of Cd is released into the atmosphere, and having in mind that Cd does not break down in nature, human exposure to this heavy metal is constant (ATSDR, 2012) . Due to high level of exposure, cadmium is listed as one of 126 priority contaminants and one of human carcinogens (IARC, 1993) .
The effects of cadmium on human health include a range of neurotoxic, teratogenic, pulmonary and endocrine effects (Nordberg et al., 2007; Zorrig et al., 2013) . Cultivation of plants in Cd-contaminated soil can lead to absorption of this toxic metal by edible plants which can result in contamination of food chain through trophic transfer into human diet (Zorrig et al., 2013) . Lettuce is abundantly grown crop that can accumulate high levels of Cd in their leaves (Mensch & Baize, 2004) . For this reason lettuce is often used as a model plant for the development of different strategies for higher Cd tolerance and decrease of Cd accumulation in plant tissues (Clemens, 2006) . Priming is one of frequently used methods for seed vigour improvements in crop plants (Roychoudhury et al., 2016) . Seed pre-treatments are used in order to improve seed germination and plant performance under stress conditions (Karalija & Selović, 2018) . Positive effects of priming in plant resistance have been demonstrated for different crop plants such as wheat (Iqbal & Ashraf, 2007) , sunflower (Kaya et al. 2006) , chickpea (Kaur et al., 2002) and maize (Karalija & Selović, 2018) . It is considered that cadmium is transported through membrane transport systems into the plant cells (Takahashi et al., 2011) with likely involvement of zinc and calcium transporters in the Cd transport itself (Manohar et al., 2011; Zorrig et al., 2011) . Entrance of cadmium into the plant cells triggers a wide range of toxic effects on photosynthesis through decrease in chlorophyll concentrations, induction of oxidative stress as well as imbalance in plant water status (Razinger et al., 2008; López-Millán et al., 2009) . There are numerous studies regarding the Cd accumulation in lettuce as well as toxic effects of Cd on growth and other physiological parameters. However, there are no available researches regarding the effect of salicylic acid seed priming on Cd tolerance in lettuce. Thus, the goal of this research was to evaluate the effect of salicylic acid as priming agent in lettuce resistance to high Cd concentrations in regard to basic physiological and growth parameters.
Materials and methods

Seed priming and growth conditions
Lettuce seeds (Lactuca sativa L. variety NANSEN'S NOORDPOOL) were purchased from manufacturer Royal seeds, Italy. Healthy seeds (with no visible damages) were counted (25 seeds per petri dish), grouped according to pre-treatment (distilled watercontrol; 0,5 mM salicylic acid) and subsequently soaked in appropriate solution over night at 4°C for seed priming, followed by seed drying for 48 hours at room temperature. The dried seeds were stored at +4°C until cultivation. Media for lettuce cultivation were prepared based on Murashige and Skoog (1962; MS medium) mineral salt composition, 3% (w/v) sucrose (Semikem) as carbon source and 0.8% (w/v) agar (HiMedia) as solidifying agent which was added to the media after pH adjustment to 5.8 using 10% KOH (w/v; Semikem). Media was autoclaved and transferred to sterile Petri dishes. Lettuce seeds were cultivated in three different media types, MS medium, MS medium supplemented with 5mM Cd(NO 3 ) 2 (Semikem) and MS medium supplemented with 50 mM Cd (NO 3 ) 2 . Cadmium nitrate was added to the medium prior to pH adjustment. For each pre-treatment the total of 100 seeds (25 seeds per petri dish) were cultivated for each media type, and experiment was repeated three times (total of 300 seeds per treatment were cultivated). All the petri dishes were kept in growth room illuminated by cool white fluorescent light (5200 lm) for dark/light photoperiod of 16h at constant room temperature of 25 ± 2°C for 4 weeks.
Germination test
During the first week of culture germination speed was recorded by visually identifying and counting germinated seed every day. Germination was defined as the visible emergence of radicle through the seed coat. The germination speed coefficient (Kotowski, 1926) was calculated using the following formula:
Where: GS -germination speed coefficient, n is the number of germinated seeds on day D, and D is the number of days from the beginning of the test. After 4 weeks of cultivation the total germination percentage was calculated using the following formula:
Where: %G -percentage of germination; n -number of germinated seeds; N-total number cultivated seed.
Analysis of biomass production
After four weeks of cultivation the seedlings were removed from petri dishes, the roots were washed in order to remove leftover agar and the seedlings were blotted with filter paper to remove any water excess. The seedlings were weighed to record fresh mass, dried at 70°C for 72h and weighed to record dry mass. The content of fresh and dry mass was expressed as milligrams per seedling (mg FW or DW/seedling, respectively). Biomass production was calculated using the following formula:
Where: %BM -percentage of biomass production; E is dry mass of experimental plants; C -dry mass of control plants. The water content was calculated according to the formula (Kumari et al., 2007) :
Analysis of photosynthetic pigments content
Acetone extraction of pigments was obtained by maceration of 100 mg of air dried plant material with the addition of 10 mL of 100% acetone. After centrifugation supernatant was used for pigment analysis.
Pigment content was evaluated spectrophotometrically (Lambda 25 spectrophotometer; Perkin-Elmer) by absorbance readings at 661.6 nm for Chl a; 644.8 nm for Chl b and 470 nm for carotenoids. Quantification of chlorophylls and carotenoids was done according to the Lichtenthaler (1987) using molar coefficients for 100 % acetone and expressed as milligrams of chlorophyll per gram of DW.
Statistical analysis
Experiment followed randomised design, all the treatments were represented with 4 petri dishes containing 25 seeds for each media type. The experiment was repeated three times. All the results were expressed as mean values of three replicates (± standard deviation; SD). Variance analysis was performed using ANOVA Newman-Keuls post hoc test. The differences between treatments were evaluated at p<0.05 level. All statistical analyses were performed using Statistica 10.0 software (Copyright © StatSoft. Inc. 1984 .
Results and Discussion
Exposure to cadmium decreased germination rate proportional to Cd concentration in the media. Reduction of germination rate ranged from 8% up to 40% compared to control. Salicylic acid priming alleviated the decrease in the rate of germination when seeds were exposed to 5 mM cadmium by 10% compared to the control seed lot that was exposed to 5 mM cadmium. Germination speed remained unchanged for seeds primed with salicylic acid and exposed to 0 and 5 mM cadmium. Overall germination speed was higher for seeds primed with salicylic acid compared to the control group under Cd stress (Table 1) . Toxic effects of cadmium are demonstrated through the decrease in germination rate of lettuce as previously recorded (Sethy & Gosh, 2013; Bautista et al., 2013) . Reduced growth of lettuce under cadmium stress has been previously recorded even at much lower Cd concentrations (3.0 mM up to 15.0 mM; Zorrig et al., 2013) . Similar growth restrictions were recorded in our research as well. However, our results indicated beneficial effects of salicylic acid priming through alleviation of toxic cadmium effects on lettuce growth. Lettuce grown in 5 mM Cd supplemented medium showed better overall growth when seeds were previously pre-treated with salicylic acid (Figure 1 ). Neither chlorosis nor necrosis were recorded with lower Cd concentration which was previously noted for lettuce (Zorrig et al., 2013) .However, the highest Cd concentration (50 mM) induced root and shoot necrosis in all plants regardless of priming (Figure 1 ). Exposure to cadmium induced reduction of fresh and Data represent means of three replicates (± SD). Values within one parameter followed by the same letter do not differ significantly after ANOVA post hoc NewmanKeulstest at significance level of p<0.05
dry weight per seedling in concentration dependent manner. Seed priming with 0.5 mM salicylic acid induced rise in fresh mass due to higher water content. Exposure to cadmium induces a decrease in water uptake by suppressing the short distance water transport through symplast and apoplast resulting in drought stress in plants ( Rucińska-Sobkowiak, 2016) . Pre-treatment of lettuce seeds with salicylic acid induced higher water uptake and resulted in higher water content in seedlings. Dry mass of seedlings did not differ significantly between control and salicylic acid pre-treated seeds under equal Cd exposure (Table  2) . Due to high necrosis of seedlings cultivated with Cd concentration that is extremely toxic for plants (50 mM) the analysis of photosynthetic pigments for this treatment was not performed. Overall, seed priming with salicylic acid induced decrease in photosynthetic pigment content when plants were not subjected to cadmium induced stress. The exposure to cadmium induced drastic drop in chlorophyll content in control plants, while in plants of salicylic acid pre-treated seeds photosynthetic pigment content did not differ significantly between treatments (Table 3 ). The reduction of chlorophyll a content under Cd exposure due to cadmium induced inhibition of chlorophyll biosynthesis (Hsu & Kao, 2003) has been previously recorded (Liu et al., 2014) . Higher Cd concentrations induce the degradation of chlorophyll b as well (Liu et al., 2014) which is also Data represent means of three replicates (± SD). Values within one parameter followed by the same letter do not differ significantly after ANOVA post hoc Newman-Keuls test at significance level of p < 0.05. (Table 3) . Similar increase of Chl a/b ratio under Cd stress as a result of chlorophyll b breakdown was previously recorded in cotton (Liu et al., 2014) .
Conclusions
Application of salicylic acid as a priming agent can induce higher resistance to cadmium stress in lettuce as demonstrated in this study. Increased tolerance is demonstrated through higher germination rate, fresh mass, and water content under heavy metal stress conditions. Our results suggest that cadmium acts as major limiting factor for plant growth but its toxicity can be alleviated through seed priming using salicylic acid.
